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The replication of the genome of a eukaryotic cell is a
tightly regulated process. Firstly, replication is coordi-
nated with general macromolecular synthesis, so that the
DNA-to-protein ratio is maintained within a relatively
narrow range. This involves a mechanism that couples the
initiation of DNA replication to the achievement of a criti-
cal cell size. Secondly, replication generates exactly two
copies of each DNA segment. This is accomplished by a
molecular switch that restricts the activation of replication
origins to once per cell cycle. The switch must be quite
precise, as eukaryotic cells can contain thousands of func-
tional replication origins, each of which fires once, but not
more than once. Lastly, replication is coordinated with
mitosis and cell division to maintain a constant number of
chromosomes. This is achieved by a mechanism that pre-
vents the replication switch from acting a second time
until after the cell completes mitosis. The genetic
program responsible for initiating DNA replication at the
appropriate cell size, and for preventing re-initiation of
DNA synthesis prior to mitosis, is not yet understood in
detail, but recent work, particularly on yeast, has provided
considerable insight into its general characteristics.
Establishing competence — the pre-initiation complex
Classic cell-fusion studies first suggested that cells cycle
between two distinct states with respect to their capacity
to undergo DNA replication [1]. During the G1 phase of
the cell cycle, the cell becomes competent to initiate
DNA synthesis. It is likely that the development of repli-
cation competence is associated with the assembly of a
multi-protein pre-initiation complex at specific origins of
replication. Once formed, pre-initiation complexes can be
triggered to initiate DNA replication by a trans-acting
factor(s), sometimes referred to as S-phase-promoting
factor (SPF), which appears abruptly when the cell
reaches the critical size for DNA replication. SPF triggers
initiation by irreversibly converting the pre-initiation
complex into two active replication forks, which move in
opposite directions from the origin. The observation that
each origin is activated only once can be explained very
simply by postulating, first, that preformed pre-initiation
complexes are destroyed during the initiation event, and
second, that the cell loses its capacity to form new pre-
initiation complexes at the time when SPF appears. Thus,
the cell undergoes a transition from a competent state, in
which it can respond to SPF, to an incompetent state, in
which it cannot. It is this transition that explains why a G1
cell, but not a G2 cell, can enter S phase immediately after
fusion to an S-phase cell containing active SPF [1].
Recent biochemical and genetic studies have identified a
number of proteins that may play key roles in the forma-
tion of competent pre-initiation complexes. Replication
origins in budding yeast are bound in vivo [2] and in vitro
[3] by a complex of six polypeptides, referred to as the
origin recognition complex (ORC). Homologs of several
ORC subunits have been discovered in other species
[4–7], and it is likely that ORC is a universal constituent of
eukaryotic cells. Mutations in the genes for some of the
ORC subunits have been shown to reduce the efficiency
of origin activation, indicating that the complex plays an
important role in the initiation of DNA replication [8,9].
Based upon in vivo footprinting experiments, it appears
that ORC is bound to chromosomal replication origins not
just during S phase, but throughout the cell cycle [2].
However, the ORC footprint is extended by an additional
region of protection when budding yeast cells exit mitosis
and enter G1 [10]. This observation suggests that one or
more additional factors bind to ORC during the period
when competent pre-initiation complexes are formed.
Thus, ORC may serve as a ‘platform’ for the periodic
assembly of such complexes.
The best candidate for the factor that binds transiently to
ORC at replication origins to promote formation of comp-
etent pre-initiation complexes is the product of the cdc18+
gene in fission yeast, and its homologue CDC6 in budding
yeast. Genetic analysis indicates that the Cdc18 and Cdc6
proteins are absolutely required for initiation of DNA
replication [11–14]. Temperature-sensitive cdc6 mutants
exhibit a reduced efficiency of origin activation when
shifted to the restrictive temperature [9]. Even at permis-
sive temperatures, such mutants lose minichromosomes at
an elevated rate. This phenotype can be suppressed by
addition of extra replication origins to the minichromo-
somes, an observation that provided the first evidence that
Cdc6p (and by inference Cdc18p) may act directly at
origins [15].
Cdc18p and Cdc6p are highly unstable proteins that are
synthesized de novo prior to S phase in each cell cycle
[12,14,16]. The periodic expression of both proteins
appears to be regulated at the transcriptional level,
although current data are not sufficient to rule out addi-
tional post-transcriptional controls. Cdc18p appears in late
G1 and rapidly disappears after the onset of S phase
[12,16]. Cdc6p normally reaches a maximum in late
M/early G1, although in cells with a prolonged G1 phase
there is a second burst of expression in late G1 [14]. Thus,
Cdc18p and Cdc6p are essential replication factors that
appear prior to S phase and then rapidly disappear. These
characteristics are reminiscent of the hypothetical replica-
tion ‘licensing factor’, a protein(s) postulated to play a role
in limiting DNA replication to a single round [17].
Consistent with a central role for Cdc18p/Cdc6p in pro-
moting the formation of pre-initiation complexes at repli-
cation origins, both proteins appear to interact with ORC.
A variety of genetic interactions between CDC6 and the
genes encoding the ORC subunits Orc2p, Orc5p and
Orc6p have been reported [8,18]. In addition, biochemical
experiments have provided evidence for physical interac-
tions between Cdc6p and purified ORC, and between
Cdc18p and Orp2 (the fission yeast homologue of budding
yeast Orc2p) [7,9]. The biological relevance of these inter-
actions is supported by the recent observation that over-
production of Cdc6p can suppress the defect in initiation
of DNA replication exhibited by orc5 mutants [9]. Finally,
it has been suggested that CDC6 is required for the exten-
sion of the ORC footprint in vivo, an event thought to
correlate with the assembly of competent preinitiation
complexes [19]. Interestingly, Cdc18p and Cdc6p show
considerable sequence homology to the largest ORC
subunit (Orp1p/Orc1p) [4,5]. One possibility is that this
region of homology includes a domain that mediates
protein–protein interactions with the Orc2p–6p subunits.
It is even conceivable that Cdc18p/Cdc6p might substi-
tute for Orp1p/Orc1p in the competent pre-initiation com-
plexes. Thus, not only are Cdc18p and Cdc6p required for
formation of pre-initiation complexes, they may be actual
components of such complexes.
A remarkable recent observation is that massive overpro-
duction of Cdc18p causes continuous re-initiation of DNA
synthesis in fission yeast. It follows that, at least under
some circumstances, the expression of Cdc18p can be rate-
limiting for initiation [12,16]. We can rationalize this obser-
vation within the framework of the current discussion by
suggesting that overproduction of Cdc18p leads to the
unscheduled assembly of competent pre-initiation com-
plexes, which can then be activated to initiate DNA syn-
thesis. We suggest that addition of Cdc18p/Cdc6p to the
pre-initiation complex at origins is the final step required to
establish replication competence, and that Cdc18p/Cdc6p
is a major target of the triggering molecule(s) (Fig. 1).
Activating DNA replication origins
The identity of the SPF molecule(s) that triggers the initi-
ation of DNA synthesis at origins remains elusive,
although there is considerable evidence implicating
cyclin-dependent kinases (Cdks) in this process. One
simple possibility is that a Cdk triggers initiation by
directly phosphorylating components of the pre-initiation
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Figure 1
A model for the regulation of DNA replication in the cell cycle. Plus
signs indicate activation, and minus signs inhibition. The asterisk
indicates a possible activating modification of Cdc18/6 at the initiation
stage. See text for details.
complex, but less direct mechanisms are also conceivable.
It is striking that in the only system that has been studied
extensively at the biochemical level, the simian virus 40
(SV40) replication system, the activity of the T-antigen
initiator protein is absolutely dependent upon phosphory-
lation by a Cdk [20]. In budding yeast, a number of lines
of evidence, derived largely from genetic studies, impli-
cate B-type cyclins in initiation of DNA replication.
Strains lacking all B-type cyclins (Clb1p–6p) are unable to
enter S phase. A similar phenotype is observed with cdc34
mutants, which fail to destroy Sic1p, a potent inhibitor of
Clb-associated kinases [21]. It is likely that Clb5p and
Clb6p are the physiologically relevant cyclins for activa-
tion of DNA replication. Protein kinase activity associated
with Clb5p and Clb6p first appears at the beginning of S
phase, earlier than the activities associated with other 
B-type cyclins [22]. Deletion of the CLB5 and CLB6 genes
significantly delays the onset of S phase, while over-
expression of Clb5p in a strain lacking the Sic1p inhibitor
causes the cells to enter S phase at a smaller size than
normal [21,22].
These data strongly support the view that the expression
of Clb5p/6p is rate-determining for S-phase entry. The
simplest model is that the two cyclins are components of a
G1/S Cdk activity that functions as the replication trigger
in budding yeast. The situation in fission yeast is less clear
at this time. Although it is widely accepted that Cdk activ-
ity is required for the onset of S phase, the physiologically
relevant cyclin has not been identified with certainty.
Several indirect arguments suggest that Cig2p, a B-type
cyclin, may play an important role. Interestingly, Cdc2p,
the catalytic subunit of all Cdks in fission yeast, co-precip-
itates with Orp2p, a putative subunit of ORC [7]. This
observation suggests that the triggering molecule may be
targeted to origins of replication by physical association
with ORC. The ORC subunits Orp1p/Orc1p and
Orp2p/Orc2p, as well as Cdc18p/Cdc6p, contain consensus
Cdk phosphorylation sites, raising the possibility that they
are substrates in vivo (see below).
Another protein that may be involved in activating initia-
tion of DNA replication is the Cdc7p protein kinase iden-
tified in budding yeast. The kinase activity of Cdc7
reaches a maximum at about the time that S phase begins,
and is dependent upon association with the regulatory
subunit, Dbf4 [23]. Cells lacking Cdc7p or Dbf4p arrest in
G1 at the last genetically defined point before S phase. It
has been shown that Dbf4p interacts with yeast replication
origins in vivo, either directly or via specific associations
with origin-associated proteins [24]. Thus, Dbf4p could
serve to recruit the Cdc7 protein kinase to pre-initiation
complexes.
Whatever the identity of the triggering molecule, the trig-
gering event itself must only occur once at each origin.
One reasonable possibility, suggested previously, is that
protein phosphorylation may alter the state of certain com-
ponents of the pre-initiation complex in such a way that
they can participate in the conversion of the complex to
active replication forks, but cannot participate in the for-
mation of new pre-initiation complexes [25]. Implicit in
this model is the notion that triggering a pre-initiation
complex destroys its capacity to fire a second time. Thus,
activating pre-initiation complexes, blocking their refiring
and preventing the formation of new pre-initiation com-
plexes are merely different aspects of the same molecular
event(s). Several possible targets for the triggering mole-
cule can be envisioned, including the subunits of ORC
and Cdc18p/Cdc6p. The latter are particularly appealing
candidates, as they are labile proteins that may be required
components of the pre-initiation complex. It is easy to
imagine that phosphorylation or other modification of
Cdc18p/Cdc6p could activate initiation in pre-assembled
complexes and simultaneously prevent further complex
formation. The activating modification could also mark the
proteins for rapid proteolysis, so that they are no longer
available to mediate pre-initiation complex formation.
Preventing re-replication
The mechanism that prevents reduplication of the genome
prior to passage through mitosis has been the subject of
intensive study in the past several years. Genetic experi-
ments in fission yeast indicate that inactivation of the
mitotic Cdk by various methods causes cells to undergo
repeated rounds of DNA replication without an interven-
ing mitosis. The mitotic Cdk can be inactivated by heating
certain cdc2ts mutants, by deletion of the cdc13+ gene,
which encodes the mitotic B-type cyclin, or by over-
expression of the Cdk inhibitor Rum1p [26–28]. One infer-
ence from these observations is that mitotic Cdk activity
inhibits the onset of S phase, and that the inhibition is nor-
mally relieved by the destruction of mitotic cyclin at the
end of mitosis. It is important to note that, when the
mitotic Cdk is inactivated, the newly synthesized DNA
still accumulates in integral genome equivalents. It follows
that the normal mechanism responsible for preventing 
re-initiation of DNA replication at each origin during a
single S phase remains intact. Moreover, initiation of each
round of DNA replication occurs at a DNA-to-protein ratio
that is remarkably close to normal [28]. Thus, at least in
fission yeast, there appears to be an autonomous cell-cycle
oscillator, tightly linked to the rate of increase of cellular
mass, that drives the duplication of the genome. This oscil-
lator is completely independent of the mitotic pathway
that depends on Cdc2p–Cdc13p, but could involve the
periodic activation of an unidentified G1/S Cdk.
Re-replication of the genome has also been observed in
budding yeast following transient inhibition of Clb-associ-
ated kinase activity by expression of the Cdk inhibitor,
Sic1p [29]. In this case, in vivo footprinting experiments
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suggest that the inhibition of Clb–Cdks is correlated with
the assembly of competent pre-initiation complexes.
Thus, Cdks may inhibit DNA replication by blocking pre-
initiation complex formation. This possibility is quite
provocative, as Cdks also appear to play a central role in
triggering initiation of DNA replication (as discussed
above). Indeed, recent work indicates that the Clb5p/6p-
associated Cdks, which have been clearly implicated as
positive effectors of DNA replication, can act as inhibitors
of DNA replication under certain experimental conditions
[29]. As discussed in general terms above, the fact that
Cdks can have both positive and negative effects on DNA
replication can explain in a very simple way why origins
fire only once per S phase, and why a second S phase
cannot occur prior to mitosis (Fig. 1).
The re-replication phenotype that accompanies over-
expression of Cdc18p in fission yeast may differ signifi-
cantly from that observed following inactivation of mitotic
Cdk. In particular, flow cytometry indicates that, in the
former case, DNA accumulates continuously rather than in
complete genome increments, suggesting that re-initiation
of replication occurs within the same S phase [12,16]. In
this case the presence of abnormal levels of Cdc18p may
overcome the inhibitory effect of Cdks and allow the for-
mation of pre-initiation complexes that can be immediately
triggered to initiate DNA synthesis. This observation sug-
gests that inactivation and/or degradation of Cdc18p is nor-
mally required to prevent re-initiation of DNA replication
within S phase. Interestingly, expression of the Cdk
inhibitor Rum1p induces the accumulation of Cdc18p and
rescues the lethality of a cdc18 mutant, consistent with the
hypothesis that Cdks may inhibit initiation of DNA replica-
tion by blocking the expression or activity of Cdc18p [30].
A particularly interesting example of re-replication has
been observed with conditional alleles of the budding
yeast genes CDC16 and CDC27, which have been shown to
encode components of a 20S complex involved in ubiqui-
tin-mediated protein degradation. Mutant cells appear to
re-initiate DNA synthesis at origins during a single cell
cycle. Moreover, re-initiation occurs despite high levels of
Clb-associated Cdk activity. It has been suggested that
the mutants are capable of bypassing the normal
inhibitory effect of Cdks because they accumulate a posi-
tive effector that is normally degraded following initiation
of DNA replication (K.A. Heichman and J.M. Roberts,
personal communication). One particularly attractive
interpretation is that the mutants are defective in the
degradation of Cdc6p, and this results in re-initiation
much like that induced by Cdc18p overproduction.
A model for cell-cycle control of DNA replication
The observations we have described have been incorpo-
rated into a model which seeks to describe how cells cycle
between competent and incompetent states, how initiation
of DNA replication is triggered, and how re-replication is
prevented (Fig. 1). The general features of the model are
as follows. At mitosis, cellular origins are incompetent for
DNA replication and are occupied by ORC. Passage
through M phase results in the inactivation of the mitotic
Cdk, a prerequisite for the transition to the competent
state. During the establishment of competence, ORC
serves to nucleate the assembly of factors required for ini-
tiation at replication origins. A minimal requirement is the
addition of Cdc18p/Cdc6p to the complex, although addi-
tional factors, such as the minichromosome maintenance
(MCM) family of proteins, might be involved as well.
Certain proteins that function directly in DNA synthesis,
such as RPA and DNA polymerase a, may be recruited to
the origin either at this point or at the time of initiation.
Triggering of the competent pre-initiation complex to
initiate DNA synthesis occurs when a threshold level of a
G1/S Cdk activity is reached, an event that is closely linked
to achieving a critical cell size. Triggering may involve the
direct phosphorylation of components of the pre-initiation
complex by the G1/S Cdk, or may be mediated through
downstream effectors, such as the Cdc7 protein kinase. In
any case, the triggering event must alter the state of one or
more critical factors so that each pre-initiation complex
fires only once and formation of new pre-initiation com-
plexes is prevented. The cell is now incompetent for initia-
tion of DNA replication. The dissociation and subsequent
degradation of Cdc18p/ Cdc6p may contribute to the
development of the incompetent state. Following DNA
synthesis, the cell is maintained in an incompetent state by
the mitotic Cdk, which also prevents the assembly of pre-
initiation complexes on the ORC platform. The dramatic
reduction in Cdk activity that occurs at the end of mitosis
allows the cycle to begin again.
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